ABSTRACT: Serious meniscus injuries seldom heal and increase the risk for knee osteoarthritis; thus, there is a need to develop new reparative therapies. In that regard, stimulating tissue regeneration by autologous stem/progenitor cells has emerged as a promising new strategy. We showed previously that migratory chondrogenic progenitor cells (CPCs) were recruited to injured cartilage, where they showed a capability in situ tissue repair. Here, we tested the hypothesis that the meniscus contains a similar population of regenerative cells. Explant studies revealed that migrating cells were mainly confined to the red zone in normal menisci: However, these cells were capable of repopulating defects made in the white zone. In vivo, migrating cell numbers increased dramatically in damaged meniscus. Relative to non-migrating meniscus cells, migrating cells were more clonogenic, overexpressed progenitor cell markers, and included a larger side population. Gene expression profiling showed that the migrating population was more similar to CPCs than other meniscus cells. Finally, migrating cells equaled CPCs in chondrogenic potential, indicating a capacity for repair of the cartilaginous white zone of the meniscus. These findings demonstrate that, much as in articular cartilage, injuries to the meniscus mobilize an intrinsic progenitor cell population with strong reparative potential. ß
Meniscal injuries and subsequent degenerative changes result in the loss of its shock absorbing and load transmitting functions, subjecting tibial plateau cartilage to chronically abnormal mechanical stress, which increases the risk for early onset of knee osteoarthritis (OA). [1] [2] [3] Since, this tissue has a very limited healing capacity, especially in the inner white zone, seriously damaged menisci are treated by partial or total meniscectomy. Unfortunately, several long-term studies showed that these surgeries do not prevent knee OA. 2, 4 Thus, there is a need to develop therapies to augment meniscus repair.
Many strategies have been developed to replace or stimulate the repair of damaged menisci including allografts and scaffold implants with or without mesenchymal stem cells (MSCs). [5] [6] [7] Because of limited tissue availability and immunogenicity of allografts, 8, 9 cell-based therapies using autologous MSCs derived from bone marrow, 10 synovium, 11, 12 or adipose tissue 13 offer an appealing alternative. However, there are also drawbacks to the MSC-based approach: MSC isolation requires an invasive biopsy, and the cell culture step required to expand populations can lead to deleterious changes in phenotype. 14, 15 Like MSCs, progenitor cells present in the meniscus are self-renewing and multipotent, suggesting there is potential for meniscal repair without the need for MSC harvest and implantation. [16] [17] [18] Mobilization and homing endogenous stem/progenitor cells is a promising strategy for the repair of tissues such as cartilage, bone, and heart muscle. [19] [20] [21] In a previous study, we identified migratory chondrogenic progenitor cells (CPCs), homing toward damaged cartilage tissue. 22 These cells, which are highly chemotactic and clonogenic and expressed the surface lubricating glycopeptide proteoglycan 4 (PRG4), may participate in the early stage of cartilage repair. Moreover, recruitment of CPCs to cartilage lesions significantly enhances cartilage repair. 23 More recently we found cells migrating into damaged meniscal tissue in a bovine explant model. Although, the function of these cells is unclear, their response to injury was similar to that of CPCs.
The aim of this research, was to determine whether injury responsive meniscus cells share essential phenotypic features with CPCs for a cell-homing strategy of meniscus regeneration. We hypothesized that the meniscus contains a population of regenerative cells similar to CPCs.
MATERIALS AND METHODS
Meniscus Organ Culture and Cell Isolation Bovine menisci from 10 young adult cattle (15-24 months-old) were obtained from a local abattoir (Bud's Custom Meats, Riverside, IA). The tissues were trimmed to remove connected synovium and ligaments and rinsed in Hanks' balanced salt solution (HBSS). These tissues were then scratched with a syringe needle or defected with a 4-mm-diameter biopsy punch. The defects were implanted with fibrin hydrogel (TISSEEL TM , Baxter Healthcare Corp., Westlake Village, CA) which was 1:1 mixture of 50 mg/ml fibrinogen and 10 U/ml thrombin. The injured menisci were cultured in 1:1 mixture of Dulbecco's modified Eagle medium (DMEM) and Ham's F-12 medium (F-12) supplemented with 10% fetal bovine serum (Invitrogen, Carlsbad, CA), 100 U/ml penicillin, 100 mg/ml streptomycin, and 2.5 mg/ml Fungizone under hypoxic culture condition (5% O 2 /CO 2 at 37˚C). After 10-days cultivation, migrating MPCs were stripped off meniscus surfaces by brief incubation (10 min) in 0.25% trypsin-EDTA. Following trypsin treatment, meniscus cells (MCs) residing in the matrix were isolated by 3 mg/ml collagenase (Sigma-Aldrich, St. Louis, MO) digestion (Fig. 1A) . CPCs and chondrocytes were isolated from bovine osteochondral explants using same method. MSCs were isolated from the bone marrow tissue of subchondral bone.
In order to examine in vivo MPC population, we created a femoral condyle defect in four female mature goats (New Horizon Lamb Corp., Hawarden, IA) to induce indirect damages in the meniscus (Fig. 2A) . The goats were euthanized at week 8 and the morphology of MCs was examined at the superficial zone. The study was performed according to a protocol approved by the Institutional Animal Care and Use Committee (IACUC) in the University of Iowa.
Confocal and Histologic Examination
To evaluate the MPC migration on the surface of fibrin filler, the meniscus tissues were stained with 1 mg/ml calcein AM (Invitrogen) and 1 mM ethidium homodimer (Invitrogen) and imaged on an Olympus Fluoview 1,000 Confocal Laser Scanning Microscope (Olympus America Inc., Center Valley, PA). The sites were scanned to an average depth of 200 mm at 20 mm intervals. Z-axis projections of confocal images were made using ImageJ (rsb.info.nih.gov/ij). At 3 week, the tissues were fixed in 10% neutral-buffered formalin and embedded with paraffin. Five micrometre thick sections were stained with hematoxylin & eosin (H&E) and imaged in transmitted light mode on Olympus BX-60 microscope (Olympus America Inc.).
Single-Cell Colony Assay
Single-cell sorting method was used for cell colony assay. Prior to single cell sorting, 96-well culture plates were coated with 0.1% gelatin solution (Bio-Rad Laboratories, Hercules, CA) to enhance cell attachment. MPCs and MCs were suspended in HBSS at a cell density of 1.5 million/ml with 1 mg/ml Hoechst 33258 (Life Technologies, Grand Island, NY) for staining viable cells and 1 mg/ml propidium iodide (PI; Life Technologies) for excluding dead cells. The cell suspension was sorted into coated 96-well plates, one cell per well sequentially, using a Becton Dickinson LSR II with UV (BD Bioscience, San Jose, CA). After 10-days culture, the plates were stained with Richardson and analyzed the colony area using ImageJ.
Side Population
To identify progenitor/stem cell populations, side population assays were performed essentially as described in previous study. 24 First passage CPCs and MCs in suspension in HBSS (1 million/ml) were incubated at 37˚C for 1.5 h with 2.5 mg/ml Hoechst-33342 (Sigma-Aldrich) with or without 5 mM verapamil (Sigma-Aldrich) as a transporter inhibitor. The cells were washed in cold HBSS, filtered through 70 mm nylon mesh and counterstained with propidium iodide (PI) to identify dead cells. Flow cytometric analysis was performed on a Becton Dickinson LSR II with UV (BD Bioscience). 
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Cell Differentiation
The differentiating potential of MPCs was examined by culturing them under chondrogenic, adipogenic, and osteogenic conditions for 2 weeks. For chondrogenic differentiation, 1.2 million cells were pelleted and incubated in chondrogenic medium (DMEM containing 10 ng/ml TGF-b1, 0.1 mM dexamethasone, 25 mg/ml L-ascorbate, 100 mg/ml pyruvate, 50 mg/ml ITSþPremix, and antibiotics). The pellets were analyzed for matrix formation using Safranin-O/fast green staining of cryosections. The cells (3 Â 10 4 ) were also cultured in STEMPRO 1 adipogenic medium (GIBCO, Grand Island, NY) and osteogenic medium (DMEM/F-12 containing 0.1 mM dexamethasone, 100 mM b-glycerophosphate, 50 mg/ml L-ascorbate and antibiotics). Induced cells were stained with Oil Red O and Alizarin Red for adipogenesis and osteogenesis, respectively.
Microarray and Quantitative Real-Time RT-PCT (qRT-PCR)
RNA was extracted from primary MPCs using RNeasy Mini Kit (Qiagen, Valencia, CA). Isolated 50 ng RNA was converted to SPIA amplified cDNA and biotinylated cDNA was placed onto Bovine Genome Arrays (Affymetrix Inc., San Carlos, CA). Arrays were scanned with the Affymetrix Model 3,000 and data were collected using the GeneChip 1 operating software (MAS) v5.0. Statistical analysis of the data (one-way ANOVA) and a heatmap and dendrogram were generated using Partek Genomics Suite software (Partek, St. Louis, MO).
qRT-PCR was performed with the SuperScript TM III Platinum 1 SYBR 1 Green One-Step qRT-PCR kit (Invitrogen)
as described in previous study. 25 The following primer sequences were used: For GAPDH (as a reference gene), forward CAT GGG TTT AGC CAA CTG TG and reverse GAC GGA TGC TAC CTA CGG AT; for CHAD, forward GGG CCT CAA GCA ACT CAT CT and reverse CAG CTC CCG GAT CTT GTT GT; for COL1A2, forward CTG TTG GTA ACC CTG GTC CC and reverse CAC CCT TAG CAC CAG TGA GG; for COL2A1, forward TGA AGA CAC CAA GGA CTG CC and reverse GCA GTG GCG AGG TCA GTA G; for IL8, forward CAA CCT TCC TGC TGT CTC TG and reverse GGT CCA CTC TCA ATC ACT CT; for MMP9, forward CCC GGA TCA AGG ATA CAG CC and reverse GGG CGA GGA CCA TAC AGA TG.
Statistical Analysis
Statistical analysis was performed using SPSS software (Ver.19, SPSS Inc., Chicago, IL) with a one-way ANOVA and post-hoc pairwise comparison. All the results were expressed as mean AE standard deviation (SD). Statistical significance was set at p < 0.05.
RESULTS
The morphology of superficial MCs was zone-dependent. The shape of cells in the red zone was oval or irregular (Fig. 1B) , while cells in the white zone were round and chondrocyte-like in appearance (Fig. 1C) . At day 10, migratory MPCs were observed in both non-injured ( Fig. 1D and E) and injured ( Fig.  1F-I) tissues. These cells were fully elongated with thin cytoplasmic extensions. The number of migrated cells in the red zone (Fig. 1D, F , and H) was 8.4 times higher than that in white zone (Fig. 1E , G, and I) (Fig. 1J, p < 0.001) . In defects, most cells were located on the surface of the fibrin hydrogel (Fig. 1K) . Cells with MPC-like morphology were found in the red zones of goat menisci (Fig. 2B ), but not in the white zones (Fig. 2C) . Interestingly, the population of elongated cells was increased dramatically in only red zone in response to a cartilage defect ( Fig. 2D and E) . The number of these cells were counted using ImageJ according to circularity and the population was highest at red zone of the injured meniscus (Fig. 2F) .
Isolated MPCs were processed single-cell colony assay. At day 10, the colonies stained with Richardson were measured the covered area in a 96-well plate. 26 Average colony size of MPC was 26.7% which was significantly higher than 12.4% of MC. Similarly, the images of third quarter rank showed a distinct difference, 24.0% MC (Fig. 3A) versus 44.8% MPC (Fig. 3B) . The colony size was classified into five ranges (0-10%, 10-30%, 30-50%, 50-70%, and >70%). Most of MC colonies were ranged in 10% coverage, while the area of MPC colonies was evenly distributed in all ranges (Fig. 3C) .
Flow cytometric analysis of Hoechst-stained MCs revealed few side population cells (0.09 AE 0.08%) (Fig. 3D) . The side population was significantly larger in MPCs (0.70 AE 0.36%, p ¼ 0.01). Verapamil treatment reduced side populations to less than 0.004%, indicating that stain efflux depended on the stem cell-associated ABCG2 transporter.
MPCs were cultured in chondrogenic, osteogenic, or adipogenic medium for 14 days to evaluate their differentiation potential. After the induction of chondrogenic differentiation, cultured pellets showed intense red Safranin-O/fast green staining indicating the presence of proteoglycan-rich matrix throughout the pellets (Fig. 3E) . However, only few cells (<5%) were positively stained with Oil Red O in adipogenic medium (Fig. 3F) . Similarly, 20-30% of cells in osteogenic medium deposited a calcium phosphate-rich mineralized matrix in Alizarin Red staining (Fig. 3G) .
Statistical analysis of microarrays indicated that overall gene expression in MPCs was very similar to that of MSCs and CPCs (Fig. 4A) . The listed genes in Fig. 4B were selected for relevance to chondrogenesis, progenitor cell markers, inflammation, and migration. MPCs significantly under-expressed chondrocyte-associated genes such as chondroadherin (CHAD), collagen type 2A1 and 10A1 (COL2A1 and COL10A1), and cartilage oligomeric matrix protein (COMP) compared to NCs. 22 MPCs showed relatively higher expression of the progenitor cell markers, CD44, and Notch. MPCs also overexpressed multiple interleukins (IL-6, and -8), CXCL2, 5, and 12, and multiple matrix metalloprotei- 
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nases (MMP1, 3, 9, 19), were also up-regulated in MPCs similar with CPCs. Compared with MSCs, MPCs over-expressed PRG4 and inflammatory genes such as IL8, CXCL2, and MMPs. qRT-PCR showed that chondrocyte-associated genes such as CHAD and COL2A1 were down-regulated in MPCs (Fig. 4C) , while COL1A2, IL8, and MMP9 were up-regulated compared with MCs (Fig. 4D) .
DISCUSSION
Stimulating endogenous progenitor cell homing is a novel strategy for meniscus repair that does not require tissue harvest or in vitro cell expansion. The migrating cells we found on injured bovine meniscus are similar in phenotype to MPCs identified in late-stage OA. 27 Most MPCs migrated out of the adjacent tissue and moved over the meniscus surface to the defect/injury site (Fig. 1K) . Since, synovial tissue was removed prior to culture, migrating cells are likely to have originated from meniscus itself (Fig.  S1) .
The menisci were divided into two regions, red, and white zone, to compare the population of progenitor cells. The number of migrated cells in vascularized red zone which has a generally good healing prognosis was significantly higher than those in avascularized white zone which has a poor prognosis for healing (Fig. 1J) . 28 Our results also indicate that the population of MPCs is relatively higher in red zone and therefore MPCs are strongly relevant to meniscus repair.
Although, the origin of migratory cells is unclear, they might be derived from superficial zone based on the population of elongated cells in the red zone of na€ve tissue (Fig. 1B) and early onset of the cell population on the surface during the organ culture. A few of studies introduced progenitor cells in the meniscal superficial zone. 29, 30 The cell layer in superficial zone increased in human torn menisci, not in intact and OA tissues and these cells showed positive smooth muscle actin (SMA) staining which is involved in the tissue repair of pathological menisci. 31 In this study, we also found highly populated MPCs in injured goat meniscus (Fig. 2D) . Unlike the red zone, there was almost no elongated cell in the white zone. This observation reveals that most of MPCs are oriented from vascularized red zone which has good healing capacity.
For intrinsic meniscal healing, it is important to identify the repopulated cells via migration. Especially, their progenitor-like function was characterized based on colony formation and multi-differentiation capacity. In single-cell colony assay, the range of MPC colony area was evenly distributed compared to that of MC and the colony size of MPC was twice bigger (Fig. 3A and B) . In differentiation studies, the cells have a capacity to differentiate into limited types of lineage, only cartilage and bone (Fig. 3E, F, and G) . These results implicate that these progenitor cells can heal proteoglycan-rich white zone of meniscus. Thus, clonogenic and specifically differentiated MPCs are a promising source for treating damaged meniscus.
Endogenous MPCs have similar characteristics with in vitro expanded MPCs by collagenase digestion. [16] [17] [18] In spite of their outstanding proliferation, the population of progenitors harvested by collagen-digestion were extremely low with less than 0.1%. In addition, there is a limitation to harvest enough biopsy for cell transplantation from the meniscal tissue. Instead, intrinsically migrated MPCs showed seven times higher of progenitor population. These cells can directly perform their healing process without in vitro cell expansion.
MPCs have unique characteristics of chemotaxis/cell migration potential. In previous studies, we showed that HMGB1 and cell lysates dramatically increased CPC migration and chemotaxis, indicating that cellular alarmins released upon chondrocyte death were the primary in situ stimulus for migration. 22 Like CPCs, MPCs exhibit chemotaxis toward injury/defect sites, but in contrast to CPCs, neither cell lysates nor purified HMGB1 stimulated MPC migration in in vitro assays (Fig. S2) . These results suggest that MPCs may respond to extracellular matrix-derived alarmins rather than cell necrosis as was the case with CPCs. Gene expression microarray data showed that MPCs expressed 5-7-fold higher levels of genes related to cell migration than CPCs, suggesting a more constitutively invasive cell type. We are currently working to identify the relevant chemotactic factors.
Microarray analyses of MPCs were compared with previously published results for CPCs. 22 Overall gene expressions of MPCs were similar with that of CPCs which showed under-expressed cartilage extracellular matrix components (CHAD, COL 2A1, COL10A1, and COMP) and over-expression of progenitor cell markers (CD44 and Notch1) compared to chondrocyte. Pro-inflammatory (IL and CXCL) and protease gene (MMP) expression by MPCs was slightly higher than in CPCs, which suggests MPCs may accelerate inflammation by immune cell migration. 32 On the other hand, those CXCL and MMP genes also involve endothelial cell and hematopoietic cell migration. [33] [34] [35] [36] In particular, CXCL12 (stromal cell-derived factor 1, SDF-1) was upregulated after meniscectomy and involved in homing of intra-articular injected human MPCs. 18 In summary, this study showed that endogenous MCs were repopulated in injured meniscal defects and they have progenitor-like characteristics based on clonogenicity and specific differentiation ability. Our findings have important implications for intrinsic meniscal repair. Although, repair may not occur spontaneously on a regular basis, it may be possible to enhance this capability using chemotactic agents and growth factors to guide MPC migration and differentiation.
